The gastrointestinal microbiota is extremely important for human and animal health. Investigations into the composition of the microbiota and its therapeutic modification have received increasing interest in human and veterinary medicine. Probiotics are a way of modifying the microbiota and have been tested to prevent and treat diseases. Probiotics are proposed to exert their beneficial effects through various pathways. Production of antimicrobial compounds targeting intestinal pathogens, general immune stimulation, and colonization resistance are among these mechanisms. Despite widespread availability and use, scientific, peer-reviewed evidence behind commercial probiotic formulations in horses is limited. Additionally, quality control of commercial over-the-counter products is not tightly regulated. Although promising in vitro results have been achieved, in vivo health benefits have been more difficult to prove. Whether the ambiguous results are caused by strain selection, dosage selection or true lack of efficacy remains to be answered. Although these limitations exist, probiotics are increasingly used because of their lack of severe adverse effects, ease of administration, and low cost. This review summarizes the current evidence for probiotic use in equine medicine. It aims to provide veterinarians with evidence-based information on when and why probiotics are indicated for prevention or treatment of gastrointestinal disease in horses. The review also outlines the current state of knowledge on the equine microbiota and the potential of fecal microbial transplantation, as they relate to the topic of probiotics.
T he concept of the human microbiota was first introduced to the scientific community by Joshua Lederberg in 2001. He defined the microbiota as 'the ecological community of commensal, symbiotic, and pathogenic microorganisms that literally share our body space and have been all but ignored as determinants of health and disease'. 1 Since then, interest in the intestinal microbiota has culminated in large-scale endeavors such as the Human Microbiota Project, 2 and has also made its way into veterinary medicine.
Equine Intestinal Microbiota and its Effect on Health
The horse's colon and cecum are large fermentative chambers inhabited by a diverse microbiota consisting of bacteria, protozoa, and fungi. 3, 4 The intestinal microbiota has enormous impact on the health and performance of horses. 3, 5 Although single pathogens can cause disease, gut microbiota dysbiosis, a shift in the microbiota as a whole, is increasingly being identified as a cause of a wide range of diseases. 6 In humans and other species, various gastrointestinal diseases such as inflammatory bowel disease, 7 diabetes, 8 atherosclerosis, 9 and rheumatoid arthritis 10 have been associated with gut dysbiosis. Alterations in the equine intestinal microbiota are associated with acute colitis, equine grass sickness, and laminitis. 4, [11] [12] [13] [14] [15] Over the last decades, most studies have focused on hind gut fermentation processes related to fiber digestion, lactic acidosis and laminitis, and were conducted using culture-dependent or molecular methods. 14, [16] [17] [18] [19] [20] [21] [22] A thorough understanding of the composition of the equine microbiota could not be reached because of the technical limitations of these methods. Recent advances in culture independent microbial identification and bioinformatics have opened doors towards understanding the composition of the intestinal microbiota. 4, [23] [24] [25] [26] The information obtained from these studies so far is based on small numbers and has statistical limitations because of different analyses of the data.
The microbiota is unique for each horse, but certain phyla predominate in all healthy animals. 4, 23 Firmicutes is the predominant phylum in feces accounting for 46-70% of identified sequences. Bacteroidetes, Proteobacteria, Verrucomicrobia, Actinobacteria, and Spirochaetes constitute between 0% and 15% each. 23, 27 Substantial shifts in the phylum level occur in horses with gastrointestinal disease. Healthy horses have a greater abundance of Actinobacteria and Spirochetes whereas diarrheic horses have a greater abundance of Fusobacteria. 4 There is also relatively greater abundance of the order Clostridiales in healthy horses as compared to diseased horses, suggesting their importance for the health of the equine gastrointestinal tract. 4 Interestingly, there was no difference in the relative abundance of Lactobacillales between healthy and diseased horses. The order Lactobacillales contains the majority of lactic acid-producing bacteria (LAB) commonly used as probiotics. 4 Despite these data, the gut microbiota remains difficult to interpret because of its complexity. There is difficulty in differentiating cause and effect, poor understanding of the function of different components of the microbiota and problems assessing interaction of the microbiota with the horse. A detailed review of the composition of the equine microbiota in health and disease is beyond the scope of this article and can be found elsewhere. 5 Microbial composition and function are known to change along the gastrointestinal tract with changes in the most dominant phyla accounting for the major differences. 24, 28 In one study, the most dominant phyla of the large intestine were Firmicutes and Bacteriodetes, whereas in the ileum Firmicutes and Proteobacteria dominated. 24 The core microbiota of different regions differed not just in composition, but also in abundance. 27 For clinical cases and in a research setting, fecal samples are mostly obtained. Biologically relevant differences likely exist among compartments of the gastrointestinal tract, complicating research, interpretation, and clinical applications.
Treatment modalities such as prebiotics, probiotics, antimicrobials, and fecal microbial transfaunation (FMT) are being explored to manipulate the microbiota composition. The goal ultimately is to achieve disease reduction, elimination, or prevention. These treatment options hold remarkable promises, but investigations are still in their infancy. Once a better understanding of the equine intestinal microbiota is reached, the approach of modifying the microbiota could become a therapeutic procedure for equine diseases.
Probiotics: Definition and Regulations
Metchnikoff first defined probiotics as 'live microorganisms which exhibit a health promoting effect' in 1908. 29 In 2008, the Food and Agricultural Organization (FAO) and World Health organization (WHO) modified this definition to its current form: 'live microorganisms, that when administered orally at adequate concentrations, provide a beneficial effect beyond that of their nutritional value'.
30
In the United States, probiotics, also called 'direct fed microbials', can be classified as a drug, in which case they need to be approved by the Food and Drug Authority (FDA). There currently are no approved probiotics for horses. Alternatively, probiotics can be classified as a dietary or feed supplement 'generally regarded as safe' (GRAS). In the latter case, they do not need to go through the process of drug approval. The producers are responsible for providing an expert opinion on why the product should be considered as GRAS. The Center for Veterinary Medicine (CVM) of the FDA then can approve or reject this status (www. fda.gov.com). Although the FDA has regulatory responsibility, the ultimate responsibility lies with the manufacturing company. The FDA only requires that supplements be labeled in a truthful and not misleading manner. Labels need to be reviewed by the CVM before marketing. The labels need to contain information to identify the feed additive and details on its safe and effective use. Expressed or implied claims that a feed additive can be used to cure, treat, or prevent disease may identify intent to offer the product as an animal drug and are not allowed. However, CVM permits the use of meaningful 'health' information on the label of some animal feed products. For example, 'gastrointestinal health' claims on horse feed fall under this policy (www.fda.gov.com). Consequently, in North America, there are numerous probiotic products for use in horses on the market that can be obtained over the counter, and claim to benefit the horse in various ways. However, peer-reviewed published studies proving the efficacy of these products are limited, or in most cases lacking.
In the European Union, probiotics are considered feed additives, and are classified at a regulatory level as zootechnical additives in the category of gut flora stabilizer for healthy animals. Only probiotics complying with regulation (EC)1831/2003 may be placed on the market. Authorizations are granted for specific animal species, specific conditions for use, and for 10-year periods. Currently 4 commercial products are approved for use in horses in the European Union (www.efsa.europe.eu). Biosprint, Levucell, and YeaSacc, all containing Saccharomyces cerevisiae, are registered under the claim of improving fiber digestion. Only ColiCure, containing Escherichia coli, is licensed under the claim of improving fecal consistency and odor. Studies outlining the efficacy of these products are not published in peer-reviewed journals. Although the EFSA has judged the evidence to be adequate for licensing, the published evidence and data that can be reviewed are weak.
Bacterial Strains Used as Probiotics
There are many important factors for choosing a microorganism for the development of probiotic. The most recent FAO/WHO guidelines state that potential probiotic strains should be able to survive the gastric environment, have antimicrobial properties, adhere to mucus and epithelial cells and have properties to be able to withstand the rigors of production. 30 Not all LAB have probiotic properties, and even different strains of the same species can have different properties making it necessary to evaluate probiotics on a strain basis. 31 Both bacteria and yeast are used as microbial feed additives ( Table 1 ). The bacteria that comprise commercial probiotics constitute <1% of all intestinal microorganisms in total. Depending on the species and the segment of the gastrointestinal tract evaluated, their relative abundance can be much higher. 4, 27 Many probiotics for horses are designed to target the large colon of the horse where many diseases occur. The most commonly used genera for probiotics, Lactobacillus, Bifidobacterium, and Enterococci, are not the most abundant species in the large colon of the horse. 4, 24, 27 This observation suggests that these species have less influence on the gastrointestinal health of horses. The approach of using lactobacilli or other LAB as probiotics, mainly used in humans and small animals, might be futile in horses. The focus of probiotic studies should be placed on other more abundant species. Studies investigating the effect of abundant bacterial species, such as members of the Clostridia class, are lacking to date. These classes could theoretically have a better effect than current probiotic strains.
There is debate about whether or not strains isolated from the target host have better survival and colonization capabilities because of host specificity. 32 Lactobacillus species from healthy equine feces or gastric epithelium were highly adherent to cells of the equine digestive tract. 33 On the other hand, enterococci with probiotic properties isolated from healthy horse feces were shown to adhere best to human and canine mucus. 34, 35 The same phenomenon was seen in LAB isolated from humans and dogs. 36 Thus, it appears that the ability of probiotics to colonize the intestinal tract is not always host-specific, indicating that strains should be chosen based on their probiotic properties, not their origin. Technical instability of a bacterial strain is important for commercial production. This is often a limiting factor, but by evaluating strains already in commercial production this limitation can be overcome. 37 Antibiotic resistance is an important selection criterion for bacterial strains intended for use as probiotics. Transferrable resistance genes present in a probiotic bacteria's chromosome or on plasmids may be transferred horizontally to the indigenous flora and to opportunistic pathogenic bacteria. Thus, ideally, probiotics should not harbor potentially transferable resistance genes, especially those conferring resistance traits of high clinical relevance. Because most probiotic strains are members of the human or animal indigenous flora, the presence of antibiotic resistance determinants must be systemically evaluated. 38 In Europe, all probiotics on the market undergo an evaluation of their resistance gene content before they are considered for the QPS standard followed by potential marketing of a product (www.efsa.europe.eu). In North America, such a regulation is not currently in force.
The possibility of resistance transfer is related to the genetic basis of the resistance mechanism. Horizontally transferred antibiotic resistance genes, particularly those carried within mobile genetic elements are most likely to be transmitted. Differentiation of the antibiotic resistance mechanisms involved is therefore of extreme importance. 39 Enterococci often carry mobile genetic elements containing multiple resistance genes coding for resistance against clinically relevant antibiotics. 40, 41 For example, 66% of enterococci isolated from aquatic cultures displayed acquired antibiotic resistance other than penicillin. Nineteen percent of isolates were resistant to vancomycin and 32% of the E. faecium strains were multi-drug resistant (>2 antibiotics). 42 This creates potential concerns because of the common use of enterococci in probiotics and limited data regarding susceptibility of enterococci in most probiotic products.
Data on antibiotic resistance determinants are mostly available for lactobacilli and scarce for other bacterial species. The most common resistance genes code for tetracycline resistance but chloramphenicol, macrolide, aminoglycoside, and beta-lactam resistance genes also have been identified. 38 Transfer of genes has been shown to occur in vitro and in animals models among Lactobacillus strains and from lactobacilli to different gram-positive bacteria, including staphylococci. 43, 44 Lactobacilli also can acquire resistance genes from other gram-positive bacteria. 45 Taken together, these results support the hypothesis that probiotics can act as antibiotic resistance traffickers in an in vivo situation.
Probiotic Survival in the Equine Gastrointestinal Tract
Colonization is superior to mere survival in the gastrointestinal tract, because probiotics could act beyond the period of administration. Generally, host-specific strains are believed to be able to colonize the gastrointestinal tract of the indigenous host for longer periods of time. Indeed, colonization of the adult equine gastrointestinal tract with L. rhamnosus LGG of human origin was shown to be poor. 46 After a 5-day course of probiotic administration at 3 different dosages (1 9 10 9 , 1 9 10 10 , 5 9 10 10 ), fecal recovery in 21 adults was shown to be 71%, 29%, and 86% after 24 h for each dose, respectively. After 48 h, the probiotic was recovered from the feces of 14%, 14%, and 56%, whereas 3 days after administration only 1 horse in each of the lower 2 dosage groups remained positive. Fecal recovery was longer in foals where the probiotic could be recovered up to day 9 after administration in some foals. 46 This suggests that the immature gastrointestinal flora of foals could facilitate probiotic survival. Additionally, foals and adults showed a lack of dose response, making it difficult to determine an ideal dose to use. 46 Similar results were obtained when administering Saccharomyces boulardii. 47 After administration of 10 9 10 9 cfu/g to 3 horses and 20 9 10 9 cfu/g to 2 horses for 10 days, fecal samples were negative for S. boulardii on day 20. On day 5, all horses had viable S. boulardii in their feces. 47 Similarly, S. cerevisiae has been shown to survive but not colonize the ceca and colons of horses. 17, 48, 49 This indicates that any beneficial effect of probiotics might not continue beyond the period of administration, making long-term or repeated treatment a necessity.
In the above studies, probiotic survival was only assessed by analyses of fecal samples. By this approach, colonization can only be detected if the animal is shedding the bacterium at the time of sampling. Whether certain bacteria are shed persistently or intermittently in horses, and how many samples are required to detect intermittent shedding historically has been a topic of great debate. The number of fecal samples necessary to establish Salmonella shedding, for example, has not been conclusively determined so far and likely depends on prevalence of the bacterium. 50 For probiotic bacteria, there currently is no information on intermittent or persistent shedding available in the literature.
Mechanisms of Action of Probiotics
There are 4 main mechanisms of action by which probiotics prevent colonization of the digestive tract by pathogenic strains or prevent disease: (1) modulation of the host innate and acquired immune system, (2) antimicrobial production, (3) competitive exclusion, and (4) inhibition or inactivation of bacterial toxins (Fig 1 A and B) .
Many reported mechanisms of action of probiotics are based on in vitro studies only, and extrapolation of these results to in vivo conditions is controversial. Some evidence also has been generated by in vivo studies done in laboratory animals or humans.
Immune Modulation
Probiotics can influence the host's immune system as live or dead bacteria through their metabolites, cell wall components, or DNA. 51 Probiotics and their metabolic products are recognized by conserved recognition receptors by IECs and gut-associated immune cells. The effects include fortification of the intestinal barrier by maintaining tight junctions, supporting survival of intestinal epithelial cells (IECs) and their growth, and induction of IgA and b-defensin production, resulting in suppression of growth of pathogens as well as systemic and local anti-inflammatory effects. 51 Anti-inflammatory effects can be achieved by the modification of cytokine production by IECs and effects on cells of the innate immune system, such as macrophages and dendritic cells. 52 Probiotics and their products influence T reg cells, the subset of T-cells that plays an important role in the down-regulation of misdirected immune responses. Some probiotics are able to induce production of T reg cells, thereby exerting anti-inflammatory properties. 53 Although probiotics often exert an anti-inflammatory action, certain probiotic bacteria also can up-regulate inflammatory mediator production 54 and increase adhesion of pathogens. 55 Within the intestinal wall, B-cells differentiate into plasma cells and secrete IgA antibodies. These then are transported into the lumen and are important for mucosal-associated immunity. Certain probiotic strains are able to influence IgA production. [56] [57] [58] Systemically, probiotics can influence immunoglobulin production by altering systemic isotype profiles. 54 Probiotics have diverse effects on the immune system. Such effects can be stimulatory or inhibitory depending on the biological features of individual probiotic strains. Most of the above studies, assessing the effects of probiotics on the host, have been conducted using human or laboratory animal cell lines, but equivalent studies are lacking for horses. Given the conservation of the immune system across all species, it is likely that similar effects would occur in horses.
Antimicrobial Production
Probiotic strains produce various substances that are effective against microbes. Fatty acids, lactic acid, and acetic acid are produced in large quantities. Additional antimicrobial substances that are produced in much smaller amounts by LAB include formic acids, free fatty acids, ammonia, hydrogen peroxide, diacetyl, bacteriolytic enzymes, bacteriocins, antibiotics, and several undefined substances. 59 
Competitive Exclusion
Probiotic strains adhere to epithelial cells in the host and interfere with pathogen adherence by blocking receptors or by increasing mucin production. L. rhamnosus GG decreased the adherence of pathogenic bacteria such as Salmonella, E. coli, and clostridia to pig intestinal mucus. 60 This mechanism, however, appears to be specific to certain probiotic strains, and some strains increased the adherence of pathogenic bacteria to human intestinal mucus. 61 In vitro, probiotics can prevent pathogenic bacteria from invading the epithelial cell. In contrast to the former described effect, this feature seems to be a widespread trait among probiotic bacteria.
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Inhibition or Inactivation of Bacterial Toxins
Toxins are important virulence factors for some enteropathogenic bacteria. Some probiotics block the effects of enteropathogenic bacteria. For example, S. boulardii is protective in the murine ileal loop model as well as in cell cytotoxicity assays when challenged with toxigenic C. difficile by this mechanism. 62 Lactobacilli can decrease toxin gene expression and toxin production by bacteria including Salmonella, E. coli, and C. perfringens. [63] [64] [65] The anti-toxin effect of some probiotics may be beneficial in managing infectious diarrhea. 54 Probiotics can alter pain perception and gastrointestinal motility by interaction with the enteric nervous system. The interaction of probiotics with dendritic cells in the wall of the intestine modulates the T-cell response, which in turn influences differentiation of B-cells and immunoglobulin production. Probiotics also modulate cytokine production as well as proliferation and survival of macrophages (A). Probiotics increase b-defensin production by intestinal epithelial cells, enhance mucin production, and contribute to colonization resistance. Probiotics and the substances they produce that have a direct effect on pathogens and their toxins (B).
Probiotics also are able to inactivate toxins by metabolic mechanisms. Saccharomyces boulardii releases a protease that can digest C. difficile toxins A and potentially can prevent C. difficile infection. 66 Inactivation also can occur by physicochemical interaction. Some probiotics can bind to toxins and decrease their bioavailability to the host. 67, 68 Quality Control of Commercial Products
As described earlier, manufacturers of over-thecounter products in North America have no obligation to perform quality control of their products. In Europe, the few licensed products periodically are tested by the EFSA (www.efsa.com). The effect of probiotics might therefore not be predictable because of inadequate content of commercial probiotic formulations.
Many commercial veterinary and human probiotic preparations are not being accurately represented by label claims (Fig 2) . Only 9/21 (43%) of human products and 2/23 (8%) of veterinary products from Canada were adequately labeled. 69 Three of the human and 7 of the veterinary products contained inadequate descriptions of the bacterial content, including missing names, unspecified strains, nonexisting names and outdated names. 69 Only 16/21 (76%) human and 5/23 (22%) of veterinary products from Canada provided information on bacterial concentrations. 70 Quality control of contents also is poor. Only 2/13 (15%) of veterinary and human probiotics contained the specified organism at the label indicated concentration. Some products were missing organisms entirely or contained too little or too much of an active ingredient. Actual bacterial concentrations ranged from 0 to 215% of the claimed amounts. All veterinary products contained <2% of the listed concentration. 70 When an adequate label was defined as containing specific (valid) names of bacteria with no spelling mistakes and expected bacterial content, only 8/25 (32%) products were labeled correctly. Only 21/25 (84%) listed the bacterial species, and of these, 7/21 (32%) were misspelled. Only 15/25 (60%) products disclosed the expected amount of active ingredient (bacteria) on the label and only 4 of these 15 (27%) met or exceeded the claimed amount. 71 Research studies can be affected by this poor quality control. As part of a clinical trial, the content of a commercial probiotic formulation was evaluated. Although the formulation claimed to contain 10 million viable lactobacilli (cfu/g), only 50,000 cfu/g were cultured. No positive effect of the probiotic was seen in this study. 72 It is uncertain whether there was a true lack of effect of the probiotic or whether the probiotic did not contain adequate numbers for a clinical effect.
Safety of Probiotics
Adverse Effects
Adverse effects of probiotic administration are rare in humans and animals. In humans, the few reports available usually describe extraintestinal infections, not enteric disease. 73 Although probiotics typically are used in individuals with enteric disease and adverse enteric consequences might be hard to discern, it is reasonable to assume that the incidence of adverse events is very low, something that is consistent with their GRAS classification.
In adult horses, there are no published reports of enteric disease after probiotic administration.
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Doses generally are extrapolated from human recommendations and adjusted by weight. 47, 75 Even administration of up to 3 times the manufacturer recommended doses to 18 healthy horses did not result in any adverse effects. 76 The effect of probiotics in horses with enteric disease might differ from the effect in healthy horses, but no adverse clinical effects were reported in horses with gastrointestinal disease. 47, 76, 77 Based on the above data, most authors consider probiotics, particularly S. boulardii, safe for use in healthy and diseased adult horses. 17, 48, 77 Some adverse effects not related to enteric disease have been reported. One horses developed hives after administration of probiotics. 72 The association between the hives and the probiotics was unclear because resolution of hives coincided with the horse being switched from straw bedding to wood shavings. This indicates that the bedding could have been the reason for the allergic reaction. 72 The effect of probiotics in foals is likely to be different from that in adult horses because of major difference in gastrointestinal microbiota composition. 78 Although several published studies demonstrate safety of commercially available and self-made probiotics in foals, 74, 79 there are also reports on adverse enteric effects. 75 A self-made probiotic product containing Lactobacillus pentosus isolated from a healthy foal was evaluated for its ability to prevent neonatal diarrhea. 75 In a preliminary study, this probiotic was administered to 9 healthy foals and no adverse effects were seen. 74 When the probiotic was administered to healthy neonates in a clinical placebo-controlled field trial, the treatment group showed increased incidence of diarrhea and need for veterinary intervention. 75 Although it is unclear why these foals developed diarrhea, the immature microbiota of the foals could have allowed overgrowth of LAB, resulting in osmotic imbalances and diarrhea. Alternatively, the probiotics could have changed the microbiota to allow for pathogen adhesion to the epithelial cells.
Fungaemia caused by treatment with S. boulardii has been reported in neonatal humans 80 . Whether this could be a problem in horses is unknown, because studies of horses have so far excluded neonates in the studies of S. boulardii.
77
Evidence for Probiotic Efficacy in Treatment of Equine Gastrointestinal Disease
The scope of the current literature on equine probiotic use has focused mainly on gastrointestinal disease application 47, 72, [75] [76] [77] 79, 81, 82 ( Fig 3) . Although some studies have shown beneficial effects of probiotics, other studies could not corroborate these results.
Overall, few studies are available, and these cannot be compared easily because of differences in study design and formulations used. Consequently, the overall evidence is weak.
The following sections summarize the various clinical applications for which probiotics have been tested. The exact strains, dosages, and length of treatment used in each of the studies cited in the text are outlined in Table 2 .
Acute Enterocolitis
Acute colitis is a potentially devastating disorder than can be caused by several pathogens. 83 Because treatment is mainly supportive and an etiologic agent cannot be identified in up to 50% of cases, there is increasing interest in finding adjunctive treatment modalities.
Saccharomyces boulardii was assessed in a randomized blinded placebo-controlled clinical trial. 47 Horses receiving S. boulardii had a shorter duration of diarrhea and watery diarrhea but not loose feces. Despite this positive effect, the results of this study must be interpreted with caution, because there was no difference between the groups in relation to outcome, duration of hospitalization, and recurrence of diarrhea. In addition to the confounding factor of additional treatments, the number of cases was low, with only 7 horses per group. 47 Saccharomyces boulardii also was assessed as an adjunctive treatment in horses affected with antimicrobial-associated enterocolitis in a randomized placebocontrolled clinical trial involving 12 horses. 77 No significant differences were observed between groups for occurrence of normal fecal consistency or cessation of watery diarrhea. Also, days to improvement in attitude, resolution of leukopenia, appetite, normal heart rate, normal respiratory rate, normal temperature, duration of stay in hospital, survival to discharge, and occurrence of secondary complications was not different between groups. The authors postulated that the lack of efficacy could be attributable to a lack of colonization by S. boulardii because the fecal samples of some horses were negative for S. boulardii. 77 Although this study was influenced by fewer confounding factors and evaluated more clinical parameters compared to the previously described study, 47 the number of cases was low and adjunctive treatment was variable among horses, making interpretation of the results difficult.
Although both studies investigated the same probiotic agent, they are difficult to compare because of a heterogeneous horse population and different inclusion and outcome criteria. Overall, the evidence for an effect of S. boulardii as an adjunctive treatment for enterocolitis in horses is weak.
Given that drastic changes in the microbiota of horses with enterocolitis have been identified, it is questionable whether administration of the currently available probiotics containing a limited number of bacterial strains could be effective at all.
Diarrhea in Foals
Neonatal foal diarrhea is a common occurrence with >60% of foals developing diarrhea during their first 6 weeks of life. 84 Because etiologies are numerous and prevention measures limited, probiotic administration is an attractive option for the prevention of neonatal foal diarrhea.
In 1 study, an equine strain of Lactobacillus pentosus with in vitro antimicrobial properties was assessed in a randomized placebo-controlled clinical trial. 75 Probiotic administration in this study was associated with a significantly higher incidence of diarrhea, presence of clinical signs (lethargy, fever, and anorexia colic) and the need for veterinary examination and treatment. 75 In another study, a multistrain probiotic product derived from equine gastrointestinal contents was studied in a randomized placebo-controlled double-blinded clinical trial. 79 Foals in the probiotic group showed statistically significant larger weight gain after treatment and a significantly lower incidence of diarrhea. 79 These effects, however, were only significant at 1 time point (2-3 weeks of age). It is unlikely that the diarrhea was clinically important as evidenced by a lack of Fig. 3 . Overview of probiotic studies in horses. The main objective of each study is presented on the x-axis and the number of studies on the y-axis. The shading indicate which probiotic strain was used in the studies. difference in the need for medical intervention between the 2 groups. These 2 studies cannot be compared directly because different products were used. However, the results show that each probiotic product must be evaluated separately to assess safety and efficacy in neonatal foals. Larger scale controlled studies of different strains and products are necessary before conclusions can be drawn on the clinical efficacy of probiotics for this specific application. In horses, the effect of probiotics on Salmonella shedding has been investigated by 2 studies, but results have been disappointing to date. 76, 81 In a double-blinded randomized placebo-controlled trial, the effect of 2 commercial multistrain probiotic formulations (Table 1) on fecal shedding of Salmonella were studied in the postoperative period after colic surgery. 76 A total of 186 horses were prospectively allocated to 4 treatment groups (2 probiotic and 2 placebo) and treated for 10 consecutive days once daily. Five clusters of gastrointestinal diseases were evenly distributed between treatment groups but no differences in Salmonella shedding rates were found between treatment groups. The overall shedding rate was 21%. Prevalence of postoperative diarrhea, duration of antimicrobial therapy, and duration of hospitalization were not statistically different between the groups. 76 In a later placebo-controlled randomized trial, the effects of a multistrain commercial probiotic (Table 1) on Salmonella shedding, prevalence of diarrhea, leukopenia and fever were evaluated in colic cases with various underlying diseases. 81 Ninety-six horses were enrolled and received probiotics or placebo once daily for up to 5 days. The overall shedding rate for Salmonella was 9%, and no differences were observed in shedding rates or clinical parameters between probiotic-and placebo-treated groups. 81 Despite successful randomization in this study, there were limitations. The overall number of horses shedding Salmonella was small (n = 10). The numbers of horses that developed diarrhea, fever and leukopenia were not reported and neither was antimicrobial administration. These limitations could have greatly influenced the multivariate analysis performed in the study. Additionally, fecal samples were taken at irregular, arbitrary intervals, and given that Salmonella shedding can be intermittent, some cases might have been missed. 50, 72 Additionally, both studies used a commercial product that was not tested to assess the actual content claimed on the label.
The preventative effect of a multistrain commercial probiotic (Table 1) on Salmonella shedding in hospitalized horses without gastrointestinal disease was assessed in a randomized placebo-controlled doubleblinded clinical trial involving 130 horses.
72 Horses were given the probiotic or placebo on admission before medical procedures commenced. There were no pretreatment differences between the groups. Although administration of a probiotic decreased the incidence of Salmonella shedding by 65%, this result was not significant (P > .19). Posthoc analysis showed that the study had a power of only 25% to show such a difference. Additionally, incidence numbers were low, only 5 and 2 cases were detected in the placebo and probiotic groups respectively throughout the study.
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In other species, it is known that the effect of probiotics depends on the agent studied and so far very few probiotics have been evaluated in horses. 85 Additional studies are necessary before excluding the beneficial effects of probiotics on Salmonella shedding in horses. There is currently very little evidence supporting the use of probiotics to decrease Salmonella shedding or salmonellosis in horses.
Fecal Consistency and Odor
The probiotic product ColiCure â contains E. coli and is licensed by EFSA to improve fecal consistency. There are no published studies in the peer-reviewed scientific literature on this product. The only information available on efficacy can be obtained from the EFSA scientific opinions (www.efsa.com). In the 4 studies submitted by the manufacturer, fecal consistency improved in treated animals by 1-2 scales. Only 3 of the 4 studies contained a control population, and fecal consistency improved in control animals as well, albeit at a slower rate. Inclusion criteria for cases cannot be determined from the provided information and the starting point of 'poor fecal consistency' as well as the endpoint 'improved' were not defined and were subjective. In 2 studies, 1 with healthy horses only and 1 with 'abnormal' horses, microbiological analysis was performed. An increase in the number of coliforms and a decrease in the number of Clostridium and Bacillus spp. in the treated horse were noted. Although this would indicate an effect of the probiotic on the microbiota of these horses, for the reasons described above, cultures have inherent technical limitations to assess the microbiota. It is unclear whether the changes that were noted actually represent beneficial effects on the intestinal microbiota. This is particularly true given recent studies that have indicated clostridia are important components of the intestinal microbiota, and decreases in this group actually may not be desirable. 4 
Fecal Sand Clearance
The effect of a combined probiotic and prebiotic (Psyllium) product on fecal sand clearance in a natural setting was evaluated. Eight adult healthy equids (horses and mules) were included in this trial and each animal served as its own control. 82 Baseline sand excretion was measured over 7 days then animals received the pre-/probiotic mixture once daily for 35 days and fecal sand clearance was measured. Fecal sand output increased significantly on day 4 after starting treatment and remained 2.5 times higher on average throughout the treatment period. 82 Whether this effect was caused by Psyllium or the probiotic or the combination thereof was not determined by this study. Several clinical case reports describing efficacy of this prebiotic in horses have been published. [87] [88] [89] There is little clinical evidence to substantiate the claim that feeding Psyllium helps prevent or treat sand accumulation.
Fecal Microbial Transplantation
The gastrointestinal microbiota of humans and animals consists of thousands of microbial species. 2 The interaction of probiotics with the gastrointestinal microbiota has been investigated and documented in many studies. 90 All existing probiotics consist of 1 or a few strains that compromise a very minor component of the intestinal microbiota. Therefore, they might have limited ability to influence and individual's entire gastrointestinal microbiota. With this in mind, scientists have looked into the other end of the 'probiotic' complexity spectrum, fecal transplants. Fecal transplants consist of an intact, highly complex microbial community composed by thousands of species.
Fecal microbial transplantation (FMT) constitutes the transfer a fecal suspension from a healthy donor into the bowel of the recipient. Prior antimicrobial administration to decrease the resident microbiota, by colonoscopy, retention enema, nasogastric tube or nasoduodenal tube 91 can be attempted. Fecal microbial transplantation is not a novel therapeutic modality and its first reports in human medicine date back to the sixteenth century. However, it has only recently received increased attention after several published studies showed that feces is a biologically active mixture of living organisms with great potential for treatment of C. difficile infection, 92, 93 and other gastrointestinal [94] [95] [96] and nongastrointestinal disorders. 97 In human medicine, the application of FMT for recurrent C. difficile infection is currently best researched. Two systematic reviews showed that this form of therapy was safe and effective in 83-92% patients to achieve sustained full resolution of clinical signs. 92, 98 Recently, FMT also has emerged in veterinary medicine. There are no peer-reviewed published studies about the use of FMT in domestic animals. In an ongoing clinical trial, fecal transplantation is used to treat dogs and cats with inflammatory bowel disease. Of the so far, 3 enrolled cats and 3 dogs, all have been treated successfully by transferring healthy donor feces by colonoscopy to the recipients a . Although there are no published studies or abstracts in horses, anecdotal reports suggest that this form of therapy also might be effective in horses with acute colitis or chronic diarrhea. 83 Probiotic strains have limited ability to colonize the gastrointestinal tract for long periods of time. 46 Fecal transplantation might have lasting effects on colonization. 99 Fecal microbial transplantation studies in humans have shown that some index bacteria are still present in the feces of patients up to 24 weeks after treatment, indicating a permanent change in the microbiota associated with resolution of clinical signs. 99 The safety of FMT has rarely been investigated. A few minor adverse effects were observed sporadically in a systematic review of approximately 300 patients treated with FMT for recurrent C. difficile-associated diarrhea. 92 Screening of potential FMT donors for the occurrence of pathogenic organisms is a major point of discussion. Ideally, the type and number of pathogenic species to be screened should be species dependent. In horses, screening for the presence of Salmonella, C. difficile, and Equine Infectious Anemia Virus is recommended. Whether other infectious agents such as coronavirus or rotavirus should be included in the screening needs to be evaluated. It is generally agreed that prior antibiotic treatment should exclude a horse from being a donor. However, what duration of time since the last antibiotic administration should elapse remains speculative.
Conclusions
Although probiotics have shown promise in the treatment of selected diseases in humans, the evidence that they can be used to control diseases in horses so far is weak. The aim of developing 1 probiotic to aid in prevention or treatment of all diseases is unrealistic. Each bacterial strain has different effects. The choice and combination of strains for a therapeutic formulation needs to be specific for each disease and should be based on the in vitro properties of the strains. Randomized placebo-controlled clinical trials under controlled conditions then are necessary to provide evidence for each probiotic formulation in horses.
Based on lack of regulation regarding quality control of commercial products, use of over-the-counter products is questionable, particularly in the absence of scientific information on safety and clinical efficacy. Efficacy trials should be conducted and published in peer-reviewed journals before recommending use. These products also should be carefully evaluated for their composition and concentration by the investigators of the clinical trials to ensure efficacy and reproducibility of results.
Despite all of these limitations, probiotics generally are regarded as safe, cost effective and easy to administer. Therefore, additional research is warranted to test possible applications in equine veterinary practice. Exploiting new knowledge of the composition of the equine microbiota, the focus of probiotic research should shift from currently used agents to species that are abundant in the intestinal microbiota of the horse. Particular emphasis should be given to bacterial species that are associated with the microbiota of healthy horses. The approach of administering 1 or few strains together should be rethought on the background on the vast microbiota. Given the promising results of FMT in humans, the clinical efficacy of this approach should be tested for prevention and treatment of enterocolitis in horses. 
